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Although low-pressure (LP) plasmas often do not tolerate water loading, the direct nebulization of an aqueous sample was successfully carried out in a laboratory-built LP-ICP using a double-membrane desolvator (DMD). [2] [3] [4] [5] Another method used to introduce aqueous samples into the plasma is the electrothermal vaporization (ETV) technique. ETV has been explored for more than two decades, first for use with optical spectroscopy and subsequently with mass spectrometry, coupled with various ionization sources, including argon ICP, [6] [7] [8] glow discharge, 8 and microwave-induced plasma (MIP). 9, 10 As a vaporization source, it has proved to be a very useful technique for sample introduction in various atomic spectrometry techniques because of the higher transport efficiency of dry aerosols to atomize, micro sampling capability, and the potential for direct solid analysis and minimal sample pretreatment. 6 Since the transport efficiency, which can be determined directly by a closed-system trapping method, was reported to be 20 -80%, 8 even very small quantities (1 -20 µl) of the sample solution can be efficiently carried into the plasma. ETV using a graphite furnace 11 or a metal furnace [12] [13] [14] coupled with ICP has been studied. One of the disadvantages of the graphite furnace is the ease of formation of refractory carbides with several elements. 12 A metal furnace, usually tungsten or tantalum, has no such disadvantage, and vaporizes many elements without any disturbance.
In this experiment an electrothermal vaporization system using tantalum was built and coupled to lab-made LP-ICP atomic emission system for the demonstration of aqueous sample analysis. Expectedly, the coupling of ETV with a lowpressure plasma will improve the plasma stability due to low solvent loading in addition to the advantages of ETV as a vaporization source.
The analytical performance of the developed ETV-LP-ICP system was tested and compared with that of a pneumatic nebulizer-LP-ICP system with the desolvator.
Experimental

Instrumental
The low-pressure plasma atomic emission system used in this work was described previously. 4, 5 A 27.12 MHz rf generator (YSE-06F, Youngsin Engineering, Korea) with a matching box (AMN-010B, Youngsin Engineering) was used to generate the plasma. The dimensions of the torch were similar to those of a mini-torch for an atmospheric-pressure ICP, but there was no intermediate tube, and the flow rate of the plasma gas was controlled by a mass flow controller (580E Series, Brooks, Japan). The operating pressure of the vacuum chamber was maintained at approximately 2 -4 torr by a rotary pump (25.0 m 3 h -1 , E2M18, Edwards, UK); all other dimensions and parameters were the same as those reported previously. 5 
Electrothermal vaporization system
The typical electrothermal vaporization system was composed of three parts; a chamber with an argon gas inlet and a sampleinjection port, filament and electrodes with a cooling system, and power supply to heat the plate. The chamber was made of a Teflon base and a Pyrex glass housing in a cone shape. The size of the base was 7 cm × 7 cm × 3 cm and the housing was 5.0 cm in base and 7 cm in height. The gas flow of argon inside the housing was in a spiral formation, making the housing cool and efficiently sweeping the vaporized sample into the plasma. The flow rate determined the gas flow rate of the plasma formed in the torch. The electrodes were made of copper bars to give low resistance and high thermal conductivity for cooling. For the filament, a tantalum foil (Aldrich, USA), 0.025 mm in thickness and 0.2 Ω in resistance (30 mm × 0.7 mm) was used to vaporize the sample. A sample of 10 µl was loaded onto the tantalum filament and vaporized by thermal energy. The current was supplied to the filament by a power supply (HS-10100D, Max. 100A, HwaSung Electronics Corp, Seoul, Korea). The outlet of the chamber was connected to the inlet of the sample injector of the plasma torch through tygon tubing. In order to measure the temperature of ETV gas, a thermocouple detector (AT-3-K, Max 1500˚C, Hanyoung Corp., Seoul, Korea) was used.
Pneumatic nebulizer
A PFA pneumatic nebulizer (µflow PFA-100, Elemental Scientific, Inc., USA) with a laboratory-built double membrane desolvator (DMD) was used to compare the analytical performance with the ETV in the LP-ICP-AES system. The uptake rate of the nebulizer was controlled by means of a peristaltic pump (Labcraft, France) using Tygon capillaries of 0.25 mm i.d. Emission was observed at the top-view of the LP-ICP using a 0.75 m focal-length monochromator (DongWoo Scientific Co, Seoul, Korea) with a grating of 2400 grooves/mm. All other instruments and operating conditions were the same as those previously reported. 5 A schematic diagram of the LP-ICP-AES system with ETV and a PFA pneumatic nebulizer is shown in Fig. 1 . A pinhole of 13 mm long and 0.5 mm in diameter was inserted between the sampleintroduction system and the torch for a stable plasma. The plasma could not be sustained without a pinhole. If a pinhole with longer length and/or smaller diameter was used, poor sensitivity and a long delay time were observed.
Reagents
Standard solutions of Fe, Cu, Mn, Zn, and Ni used in this experiment were prepared from a 1000 mg/kg stock solution (Aldrich, USA). Deionized water (> 18 MΩ) was used for dilution.
Results and Discussion
Optimization
Since sample introduction is one of the most important factors in LP-ICP, DMD with a PFA nebulizer for stable and efficient aqueous sample injection into the plasma was developed and demonstrated for elemental analysis. 4, 5 The successful outcome resulted in the formation of dry analyte by solvent desolvation before the analyte reached the plasma. In this work, an ETV was built and coupled to an LP-ICP-AES system for analytical applications as well. For the optimization of ETV, the temperature and gas-flow rate are the major parameters that affect the analytical performance of LP-ICP-AES. Since the temperature was controlled by the current flowing through the tantalum filament, the temperature was measured using a calibrated thermocouple located 5 mm above the filament when the current was varied from 0 to 60 A. Thus, the measured temperature was for the gas, not for the surface. From the temperature-calibration curve, the gas temperature could be estimated at a certain current, although it increased non-linearly with the current. The gas temperature at 40 A was about 580˚C, corresponding to 2000˚C of the tantalum surface, which was calculated by Joule's law. The current was controlled in the range of 0 to 60 A, in which the temperature was high enough to vaporize all analytes and solvents. The effect of sample carrier gas flow-rate change was evaluated by monitoring the transient signals from a 10 µl Mg solution. The carrier gas flow was optimized at 0.5 l/min in this system. The length of Tygon tubing connecting ETV to the low-pressure inductively coupled plasma was shortened to about 45 cm and the internal diameter of the tubing was 4 mm. A high voltage of 700 V and a current of 40 A were applied to the photomultiplier tube and the tantalum foil, respectively. The foil was replaced after about 10 measurements in order to prevent any corrosion and contamination. A Mg transient signal was obtained at about 100 to 106 s after sample injection, which lasted for approximately 5 -7 s. This short duration can cause difficulties in signal measurement when a scanning wavelength selector was used. The measurement of transient signals is simplified by coupling the atom generator and the signal-acquisition process. The frequency of data acquisition was 50 Hz, and the signal was integrated by lab-made software.
Application
For applications, the analytical performance was tested using the optimized system. Calibration curves for Mg, Fe, Co, Cu, and Zn were obtained with linear-regression coefficients of 0.961 to 0.998 for ETV while 0.996 to 0.999 for PFA nebulizer. From the calibration curves, the limits of detection were calculated ( Table 1 ). The absolute detection limit of Mg with 10 µl injection was 34 ng and 758 ng for Co. The analytical result of the optimized ETV-LP-ICP system was compared with those of the DMD-LP-ICP system with a PFA nebulizer; the results are given in the table. From this table, the limits of detection for DMD-LP-ICP-AES ranged from 53 to 286 ng/ml. Although the ETV showed a good detection limit in this experiment, ETV generally suffers from a few serious limitations, such as a high relative standard deviation (RSD), exceeding 10%. 15 In this experiment, the RSD remained steady in the range of 4.3 to 8.5%, which is higher than that of the PFA-DMD sample introduction system. In conclusion, the lab-made ETV and PFA-DMD nebulization system was successfully coupled to the LP-ICP-AES system for aqueous sample analysis, and showed good analytical sensitivity and precision to be used as an analytical tool.
